This paper describes a Wind Erosion Assessment Model (WEAM) for the estimation of sand drift and dust entrainment in agricultural areas. Both the sand drift and dust entrainment parts of the model are physically based, utilising a combination of established and recent theoretical and experimental results. Key components of the model include the Owen equation for the saltation flux; the observed and theoretically predicted proportionality between saltation flux and dust entrainment by saltation bombardment; theoretical and experimental results on the amelioration of wind erosion by nonerodible roughness; and new experimental results on the suppression of erosion by surface moisture. The size distribution of the particles on the soil surface (in their natural state) is used as a primary parameter. The model is restricted to a description of the mobilisation of sand and dust in erosion source areas, and specifically excludes treatment of 2 groups of related processes: dust transport away from source areas and its ultimate deposition; and evolution of surface properties, by the wind erosion process itself, by other weathering processes, or by management intervention. The results of the model are compared with data from a portable wind erosion tunnel, and with direct wind erosion measurements at paddock scale. By offering a synthesis of available physical knowledge of sand drift and dust entrainment, the model also indicates key areas of uncertainty.
Introduction
Sand drift by saltation, and the transport of dust in aerial suspension, are the predominant manifestations of wind erosion. Conventionally, 'sand' describes soil particles in an approximate size range 60-1000 pm, while 'dust' describes particles <60 pm. During an erosion event, saltation (the hopping motion of sand particles) can move large quantities of soil across the landscape over distances from metres to kilometres, causing topographic deformations such as fence line drift and sand dunes. In the process, the soil is winnowed of its finer constituents. These small particles become suspended in the air as dust, and can then be dispersed away from the surface by at,mospheric turbulence, and ulbimately transported over very large distances, up to thousands of kilometres, by atmospheric circulations. Since the small soil particles are rich in nutrients and organic matter (Leys and Heinjus 1991; Leys and McTainsh 1995) , dust entrainment during wind erosion leads to long-term soil degradation which is essentially irreversible.
An important aspect of practical wind erosion studies is an assessment of the extent of wind erosion, under both 'normal' conditions (present land use and typical climate) and 'abnormal' conditions (including changes in land use, and climatic extremes such as drought). In Australia, the assessment of wind erosion on paddock scales has been based mainly on experiments with portable wind erosion tunnels in the field (Findlater et al. 1990 ; Leys and Raupach 1991; Leys 1991 Leys a, 1991 Leys and Heinjus 1991) . However, the assessment of present and future wind erosion, on long time and large space scales, cannot only rely on wind tunnel tests. To make such extrapolations, one needs an understanding of the physics of wind erosion, together with knowledge of soil properties, surface cover characteristics, and climatological information.
A step in the extrapolation of wind erosion assessment to the Australian continent was made by Kalma et al. (1988) , who considered the long-term climatic distribution of wind over the continent. This determines the wind erosivity, or potential for wind to transport material (Painter 1978) , but not the erodibility of the soil, which is determined by soil and surface characteristics. Burgess et al. (1989) also considered the climatic aspects of wind erosion and determined wind erosion climatic indexes for Australia. These indexes were calculated by using a model proposed by Chepil et al. (1963) , which included wind speed, precipitation, and evaporation. Other studies on the long-term characteristics of wind erosion, mainly based on dust storms, have been made by McTainsh and Pitblado (1987) , McTainsh e t al. (1988) , and Middleton (1984) .
Existing models of wind erosion at paddock scale are mainly empirical. The most widely used is the Wind Erosion Equation (WEQ; Woodruff and Siddoway 1965) , an empirical model in which the driving parameters are descriptors of soil type, vegetation, roughness, climate, and field length. The original WEQ used long (annual) averages of these descriptors to estimate annual average soil loss.
For estimates over shorter periods, the WEQ was modified by Bondy et al. (1980) and Cole et al. (1983) . More recent revisions have led to the Revised Wind Erosion Equation (RWEQ) which includes input parameters such as planting date, tillage method, and amount of residue from the previous crop; a weather generator is then used to predict future erosion (Comis and Gerrietts 1994) . The empirical nature of the WEQ limits its transferability from the Central Great Plains of the USA, for which it was originally developed. Also, the complex interactions between the variables controlling wind erosion are not fully accounted for in the empirical WEQ. For this reason, a new, more process-oriented model called the Wind Erosion Prediction System (WEPS) is also under development in the USA. This model includes submodels for weather generation, crop growth, decomposition, soil, hydrology, tillage, and erosion (Hagen 1991; Comis and Gerrietts 1994) .
This paper describes a process-based Wind Erosion Assessment Model ( WEAM), developed with 3 main aims in mind. First, we wished to synthesise recent studies by the authors and others on the physical processes involved in sand drift and dust entrainment (see later references). Second, we sought to use this synthesis for the approximate quantitative assessment of wind erosion, both for individual events on paddock scales and also (with caveats) for long, multi-year periods and large, regional space scales. Third, we wished to evaluate the current limits to knowledge of wind erosion processes in the context of such a model; this helps to define the limits of applicability of the model, and also to focus future research directions.
The einphasis is on sand drift and dust entrainment into the atmosphere, that is, the mohilisation of soil particles in erosion source areas. We have deliberately avoided detailed consideration of 2 groups of related processes. First, we do not consider long-range dust transport or deposition (the ultimate fate of the eroded dust), which takes place over very wide areas determined mainly by dust particle size and wind speed (Raupach 1993) . Second, the present model only predicts wind erosion for a given condition of the eroding surface (specified by soil and vegetation properties), and does not predict the evolution of the surface properties. This evolution can take place through wind erosion itself (by sorting or abrasion), through other natural weathering processes (by sun or rain), or through management intervention (by cultivation or grazing). All of these processes cause changes in surface properties such as crusting, roughness, and vegetation state, which are outside the scope of this study.
The structure of the model, and the plan of this paper. are as follows. The model first treats the erosion of a dry, bare soil in a given wind, considering separately the 3 classical (but actually indistinct) categories of particle motion: creep, saltation, and suspension (Bagnold 1941) . These categories respectively describe the transport of large particles (diameter d 2 1000 pin), sand-sized particles (60 d ,$ 1000 pm), and dust particles (d ,$ 60 pm). Large particles are too heavy t o be lifted aerodynamically. and either remain stationary on the ground or creep along the surface, making a very small contribution to soil transport. Sand grains have small threshold velocities and are easily lifted from the surface into saltation motion, leading to sand drift. Dust particles have large threshold velocities and are not lifted directly from the surface by the wind under normal conditions, because they are bound to the surface by large interparticle cohesive forces and are subject only t o small direct aerodynamic forces. However, in the presence of saltation, dust particles are ejected very efficiently from the surface by the impacts of saltating sand grains. or saltation bombardment (Shao et al. 1 9 9 3~) .
Once ejected into the atmosphere, dust particles enter suspension and are diffused away from the emitting surface by turbulence, to be transported over large (up to continental) distances by weather systems and global circulations. Therefore, dust entrainment leads to a net soil loss, depleting the source soil of its nutrients, which are preferentially attached to fine particles. The model treats wind erosion from a dry, bare soil by separately describing sand particle saltation and dust entrainment by saltation bombardment, as described in Section 2 for a soil with uniform sand and dust particle sizes, and in Section 3 for soils with multiple particle sizes.
Real soils rarely conform to the dry, bare prototype; they usually contain moisture and may be sheltered by vegetation or other nonerodible roughness. Soil moisture increases the threshold velocity of the soil and thus reduces wind erosion. Surface vegetation cover has 2 effects: it determines the surface roughness and thence the overall shear stress on the surface in given wind conditions, and it also determines the partition of the shear stress between the nonerodible roughness elements and the mobile soil particles. Therefore, the model includes estimates of the aerodynamic roughness height and drag partition, and also accounts for soil moisture influences. These aspects are treated in Section 4.
Weather parameters, including wind speed, precipitation, and evaporation, are required at different levels of detail, depending on the application of the model. For modelling individual erosion events, or for short-term wind erosion predictions, detailed time series of weather parameters are necessary. This information can be obtained either from direct observations or from short-term weather predictions. However, for the approximate assessment of the climatic characteristics of wind erosion on large time and space scales, only the statistical properties of the weather parameters are required; these are available from climate data. In this paper, we consider some stochastic techniques for the generation of simulated weather parameters from climate data. To avoid distractioq from the main emphasis on erosion, these techniques are described in an Appendix.
After summarising the model structure (Section 5 ) , the paper presents comparisons of predictions with data (at wind tunnel, paddock, and regional scales) in Section 6. The wind tunnel used was the portable soil erosion tunnel of the Department of Conservation and Land Management, NSW, described by Raupach and Leys (1990) , and henceforth referred to as the 'CaLM tunnel'. Conclusions, including an assessment of the strengths and weaknesses of the present model, appear in Section 7. 
Erosion of soils with uniform particle sizes
Definition of sand and dust Although the distinction between sand and dust is conventionally set at a particle size of 60 pm (Bagnold 1941, p. I) , it is necessary to use a stricter, aerodynamically based classification in the model. Soil particles will be considered as 'dust' if they can be readily suspended in the atmosphere once airborne. A condition for this is obtained by comparing the particle terminal fall velocity wt (a function of particle size d) with the mean Lagrangian vertical velocity for fluid elements, the mean velocity at which fluid particles released at the surface are dispersed upward by atmospheric turbulence. In the thermally neutral atmospheric surface layer, the mean Lagrangian vertical velocity is nu,, where u, is the friction velocity and K = 0.4 is the von Karman constant (Hunt and Weber 1979) .
When wt/nu, << 1, upward dispersion of the particles dominates gravitational settling, so passive suspension is a good approximation for the particle motions; when W~/ K U , >> 1, gravity dominates over atmospheric dispersion. We define dust particles as those with fall velocities wt < 0.5 KU,, or diameters d < dl, where dl is the solution of
The function wt(d) is described in Appendix A. In some other studies (e.g. Scott 1995) , wt(dl) = KU, is used to define the breaking point between sand and dust, but we deliberately used equation 1 as a conservative definition of dust particle size. The choice of 0 . 5 KU, means that dust particles, once ejected from the surface, are likely to remain suspended for some time; this is consistent with our neglect of dust redeposition. The definition implies that the distinction between dust and sand is no longer fixed but depends on the turbulence, characterised by u,. Fig. 1 shows the dependence of dl on u,. In a complementary way, 'sand' in the model is defined as particles with d 2 dl and d < d2, where d2 is the diameter of the largest particles which can be mobilised in given wind conditions. This diameter is the solution of ~,~( d 2 ) = u,, where u,,(d) is the threshold friction velocity.
Threshold friction velocity
The threshold friction velocity u ,~ is the minimum friction velocity required to initialise particle movement. Here we consider the prediction of u,t(d), the threshold friction velocity for a dry, bare (unsheltered) bed of uniform soil particles of size d. The effects of soil moisture content and surface cover are treated later.
For a particle resting on the surface, u,t(d) is determined by the balance of aerodynamic drag, aerodynamic lift, gravitation, and interparticle cohesive forces. Bagnold (1941) first considered the balance between aerodynamic drag and gravitation, and predicted that ~,~( d ) is proportional to dl/' for large particle Reynolds numbers. Greeley and Iversen (1985) considered lift and cohesive forces in addition to drag and gravity, finding that ~,~( d ) could be approximated by the semi-empirical expression where g is the gravitational acceleration, a is the particle-to-air density ratio, A1 is an empirical coefficient, F(Ret) and G(d) are empirical functions, and Ret = d~,~/ v (with u the kinematic viscosity of air) is the threshold particle Reynolds number. They determined the coefficient A1 and the functions F and G by fits to wind tunnel measurements of ~,~( d ) .
The behaviour of equation 2 is shown in Fig. 2 , from Leys and Raupach (1991) . The minimum value of u,,(d) occurs at d = 75 pm; for particles larger than this, ~,~( d ) increases (eventually with d1I2) due to the increasing dominance of the gravity-drag interaction, while for smaller particles, ~,~( d ) increases rapidly with decreasing d, due to interparticle cohesive forces. It is worthwhile to notice that ~, ~( d ) given by equation 2 is the so-called aerodynamic threshold friction velocity; the impact threshold velocity, u,ti, is somewhat smaller (according to Bagnold, u ,ti is of the order of 0 . 8~,~) .
However, u,ti as a measure of saltation impact is difficult to determine, as it must depend not only soil texture but also on the intensity of saltation. Thus, u*ti is rarely used. 
Saltation of uniform particles
Saltation is quantified by the streamwise sand flux Q (kg/m.s), the vertical integral of the streamwise sand flux density q (kg/m2 .s):
Owen (1964) developed a theory for 'transport-limited' saltation, applicable to a dry, bare surface of cohesionless, uniform sand particles. This leads to the 'Owen equation' for Q; see Shao et al. (1993a) for a simplified derivation. The Owen equation for ~( d ) (where the tilde denotes that Q applies to uniform particles of size d) is
where c, is a coefficient of order 1 and p is the air density. This equation has been shown to describe observations of saltation over loose sand surfaces (Owen 1964; Gillette and Stockton 1989; Leys and Raupach 1991, soil A) . There is some uncertainty in the value of the coefficient c,, which is not necessarily constant and can depend (on dimensional grounds) on the ratio wt(d)/u,. In Owen's original formulation, c, was found empirically to be In typical situations (d x 150 pm, u, = 0 . 8 m/s), equation 5 predicts that c, is around 0.8. This value is well within the scatter of the available observations, which is substantial because of measurement difficulties such as the accurate determination of u, for a saltating layer in a wind tunnel. We used equation 5 to determine c, in the present model.
Dust entrainment and saltation bombardment
Saltation bombardment is normally the dominant mechanism for natural dust entrainment. However, at least 2 alternative n~echanisms can operate in parallel with bombardment: direct aerodynamic lift and the breakdown of soil aggregates during saltation. The former is usually insignificant because interparticle cohesive forces acting on dust particles are large compared with typical aerodynamic forces in normal wind conditions (Shao et al. 1 9 9 3~) . The latter may sometimes be important (Gillette and Walker 1977; Hagen 1984; Shao et al. 1993b ), but is not considered directly here as it can be regarded as part of the bombardment process, differing only in that the ejected dust particles come from the impacting saltating grains rather than the impacted surface.
We first consider the entrainment of dust particles of a uniform size dd, under saltation impact upon the dusty surface from sand grains with a uniform size d,. This situation was studied experimentally by Shao et al. (1993a) , through a wind tunnel experiment (in the CaLM tunnel) in which sand grains with a narrow band of particle sizes were allowed to saltate onto a surface of pure dust, also with a narrow particle size range. Both the experimental results and an associated simple theory indicated that the vertical dust flux can be approximated by
Here, the tilde denotes a restriction to uniform dust and sand particle sizes; r n d is the mass of a dust particle; ' 41 is the binding energy of a dust particle to the surface; cb is the efficiency of saltation bombardment (the average fraction of the impact kinetic energy of saltating particles used in rupturing cohesive bonds between dust particles and thus ejecting dust); and y is the dimensionless ratio (Uo+U1)/2u,, where Uo and U1 are the takeoff and impact velocities of saltating particles. The theory of Owen (1964) predicts that y depends on u, and d, through a complicated expression given in Appendix A. This expression was used in the present model calculations. However, the expression nearly always leads in practice to y values close to 2.5, and with hindsight, we would simply take y = 2.5 in future work. The coefficient cb is unknown a priori and is included later in another empirical model parameter (113).
It is difficult to estimate the binding energy .J, from first principles. Colloidal science shows that the binding energy between individual particles is determined by the Van der Waals attraction and the double layer Verwey and Overbeek repulsion (e.g. Theodoor and Overbeek 1985) : the attraction potential decays with l / r (where r is distance between the particles) and the repulsion potential decays exponentially with r . Although these theories give a physical understanding, parameter uncertainties make it impossible to use them to estimate $. Therefore we used the alternative approach of relating $ to the threshold friction velocity
for a pure dust surface with particle size dd. This is an observable quantity (Greeley and Iversen 1985) . We assume that $J is the product of a length scale and the average drag force to within an O(1) constant c+, and also that the length scale is proportional to dd. This implies that
The coefficient c~, which is unknown a priori, is later included with cb in an empirical parameter (P). 
and the dashed curve is the cumulative particle size 0 distribution:
3. Erosion of soils with multiple particle sizes For soils with multiple particle sizes, the relationships in the previous section need to be modified. The spectrum of particle sizes is characterised by the particle size distribution function p(d), where
Sd is the fraction of particles with diameters between d and d+Sd. For wind erosion purposes, and henceforth in this paper, p(d) is the 'minimally dispersed' size distribution, applying (as nearly as possible) to the particles on the soil surface in their undisturbed state. This distribution can be very different from a 'fully dispersed' distribution in which the soil particles are chemically disaggregated before measurement of p(d). Fig. 3 shows an example of a minimally dispersed p(d) for an aeolian red soil near Balranald in the mallee country of south-east Australia.
Saltation and streamwise sand flux
The Owen equation (4) is formally valid only for single-size soils, but observations (e.g. Leys and Raupach 1991) show that it can also be used for multiple-size soils, in the 'transport-limited' case for which saltation is not limited by the supply of particles at the surface. In this case, the threshold friction velocity becomes a parameter related to the particle size distribution. Although there are several empirical expressions for the threshold friction velocity of multiple-size soils (e.g. Bisal and Ferguson 1970; Gillette 1983) , we take a different approach in order to avoid the need for empirical expressions. For a multiple-size soil, we assume that the dependence of the sand saltation flux Q on u, and u,t for one particle size group is not significantly altered by the presence of other sand particle sizes. The total streamwise sand flux for all particle sizes, Q, can then be evaluated as a weighted integral of ~( d , ) for particle sizes d, in the sand size
The assumption implies that the pre-existing size distribution of the soil particles determines the size distribution of the saltating grains. Several considerations suggest that equation 8 is likely to be a reasonable approximation. First, it is partly justifiable because the threshold friction velocity for a single-size soil,
, does not vary strongly in the saltation range (40 < d, < 200 pm), and the main sensitivity of Q to d, arises through ~,~( d , ) . Second, equation 8 has plausible limits at both low and high u,. At low u,, it properly implies that the soil threshold friction velocity is the smallest value of ~,~ ( d , ) over the range of d, in the soil; and at high u,, it implies that Q becomes independent of threshold friction velocity, as observed by Gillette and Stockton (1989) . Third, equation 8 has some empirical support for transport-limited, multiple-size soils (Leys and Raupach 1991, soil A). However, equation 8 is also an approximation with clear limitations. Its main assumption cannot be exact for multi-size saltation, because impact forces from flying grains in one size group become available (in addition to aerodynamic forces) to initiate motion in other size groups. It certainly cannot extend to dust because of the saltation bombardment mechanism, an extreme form of energy transfer between particle size groups.
When the detailed particle size distribution p(d) is not available, discretised information can be used. For instance, gentle sieving may be used to determine the soil fractions pf, p,,, and pc of fine, medium, and coarse sand, with typical particle sizes d f , d,,,, and d,, respectively. Then Q can be estimated as which is a discrete version of equation 8. Gillette (1977) presented field observations of the vertical dust flux F from multi-size soils, made by estimating F from measurements of dust concentration profiles. These observations do not determine the relationship between F and PL, with certainty, but it appears that F is proportional to u: with n between 3 and 4. Gillette and Passi (1988) suggested a form approaching proportionality with ue at large u,, on the basis of unpublished theoretical work by P. R. Owen.
Dust enfraznment
To model dust entrainment from a multiple-size soil with particle size distribution p ( d ) , we divide the particles into dust and sand at d This equation is subject to similar comments as its counterpart for saltation (equation 8). The implication of equation 11 is that the main dust particle size modes in a parent soil also appear in emitted dust, a notion supported by the observations of Leys and NcTainsh (1995) made close to dust sources. (Over large transport distances, sorting occurs by preferential deposition of the larger dust particles.) Approximations similar to equation 9 can be used when only limited information about p(d) is available.
Empirical bombardment parameter
From its definition in equation ( l o ) , / 3 is given by which permits P to be determined empirically. To do this, we used data from the wind tunnel experiment of Shao et al. ( 1 9 9 3~) and a subsequent extension of that work, which investigated the efficiency of saltation bombardment and its dependence on both the sand and dust particle sizes (see also Greeley and Iversen 1985, pp. 112-19) . ( 1 9 9 3~) studied saltation bombardment in the CaLM wind tunnel by using combinations of 4 sand and 3 dust particle sizes (Table 1 ). The sands were from an oven-dried aeolian red soil (Fig. 3) , sieved into classes with particle sizes 100-210. 210-400, 210-530, and 530-1000 pm and average particle sizes d, around 150, 250, 300, and 600 pm, respectively. The 3 kinds of dust were kaolin clay powder (dd = 3 pm), talc TL30 produced by Commercial Minerals Ltd (dd 1 30 pm and 2 11 pm), and talc TXC from the same company (dd 5 75 pm and dd 19 pm). During the experiment, observations of both Q, and F d were made at different wind speeds. However, similar t o the field observations of Gillette (1977) , the ratio P/Q was found to be independent of wind speed. From F/Q, ,8 was evaluated using equation 12 for the 44 available runs, giving the results in Table 1 . For a given dust particle size, P increases with sand particle size; for a given sand particle size, P decreases with dust particle size.
Despite our experimental effort, only a very limited data set is available to specify P(dd, d,). To derive a practically useful formula, we assume that The function Pl(ds) is estimated by fixing dd, and from our observations this can be done best for dd = 3 pm (kaolin dust). It appears that Pr(ds) can be represented by the form with a = 0 . 1 2 5~1 0 -~, b = 0 . 3 2 8~1 0 -~, and d, in mm. The function P2(dd) can now be estimated for a fixed d,, and from our data set the most appropriate choice is d, = 150 pm (the 100-210 pm sand group). It 'appears that Pz(dd) can be represented by the form with dd in mm, and where, with some uncertainty, a = -140.7 and b = 0.37. The final empirical expression for P(dd, d,) is with d, and dd in mm, and with the constraint p > 0. The fit of this function to the data is shown in Fig. 4 . To illustrate the magnitudes of the predicted fluxes for the aeolian red soil (Fig. 3) in a dry, bare state, the predicted streamwise sand flux (from equations 4 and 8) and dust entrainment rate (from equations 10, 11, and 16) are plotted against u, in Fig. 5 .
Wind erosion control factors
So far we have considered wind erosion of dry and bare soils. In practice, wind erosion is influenced by a number of other factors, particularly surface cover and soil moisture content. In our model, these factors are dealt with by introducing 2 independent functions t o modify the predicted values of the threshold friction velocity ~,~ ( d , ) for saltating particles:
where X is the frontal area index of the surface roughness elements (a measure of surface cover, defined below) and w is the volumetric fractional soil moisture content at the surface. The H(w) function satisfies H(w) = 1 when w = 0 and H(w) -+ 0 as w becomes large. Likewise, R(X) satisfies R(X) = 1 when X = 0 (no cover) and R(X) -t oo (extensive cover). Thus, these functions both act to increase u,t as wetness or surface cover increase.
Soil moisture content Chepil (1956) showed that the presence of soil water may enhance the cohesive forces between soil particles and prevent wind erosion. Quantitative measurements of the effect of surface soil moisture content on threshold friction velocity were made by Belly (1964) , who suggested the empirical expression which fitted his data well. McKenna-Neuman and Nickling (1989) presented a large number of wind tunnel measurements of the effect of soil moisture on threshold friction velocity. Their results differ considerably from Belly's empirical expression. Similar measurements by Svasek and Terwindt (1974) were too scattered to establish any empirical relationship. We chose to seek fresh data on the relationship between saltation threshold and soil moisture, in a wind tunnel experiment similar to that of Shao and Raupach (1992) on the equilibration of saltation. The CaLM tunnel was used. The aerodynamic features of the wind tunnel are as described in Raupach and Leys (1990) . Five particle size groups of the aeolian red soil (100-120, 120-185, 185-210, 210-400, 400-530 pm) were used for the test. The soil moisture content was changed by adding water or drying under natural conditions, and was determined by weighing before and after oven-drying at 105OC. Since each test run lasted only about 30 s, the soil moisture content during the test can be assumed to be constant. The initiation of sand movenle~it was determined by eye, and u,t was estimated by measuring the wind profile with Pitot tubes at heights 40, 90, 200, and 400 mm. A logarithmic wind profile was assumed in the turbulence boundary layer generated by a tripping fence (Raupach and Leys 1990 ). Our observations (Fig. 6 ) differ considerably from those of Belly (1964) but agree fairly well with the wind tunnel observations of McKenna-Neuman and Nickling (1989). Belly's empirical expression consistantly overpredicts the observed threshold friction velocity. The effect at small w is not as profound as suggested by Belly's observations, but the data show a dramatic increase in u,t for w exceeding 0.03 m"m3. For w less than this value, the data can be represented empirically by while for larger w, u ,~ is generally too large to be observed in the tunnel. We use equation 18 at all w values. The exponential form is similar to that given by Nickling and Ecclestone (1981) for soil salt content. The predicted effect of surface soil moisture content on the streamwise sand flux and vertical dust entrainment flux is shown in Fig. 7 , using the aeolian red soil as an example. Both Q and F decrease rapidly with increasing w. When w > 0.04 m3/m5 wind erosion for this soil is predicted to be practically zero.
Surface cover
Field observations have shown that increasing surface cover, or roughness. is an effective technique to prevent wind erosion (Findlater et al. 1990; Leys 1991b ).
Non-erodible roughness elements absorb part of the momentum transferred from the atmosphere to the surface and reduce the shear force on mobile particles. These roughness elements can be either vegetation (living or dead) or nonerodible soil fractions (usually defined as dry aggregates with diameter >0.85 mm). Two commonly used measures of (vegetative) cover are the cover fraction f, (viewed from above), and the frontal area index A, defined by where n is the number of roughness elements on ground area s, and b and h are the characteristic width and height of the elements. Of these, measures, f, is usually more readily available, but X is the more fundamental. A relationship between f , and X is given later. Most expressions used to describe the effect of surface cover are empirical (e.g. Fryrear 1985; Findlater et al. 1990 ). Here we use the following experimentally verified expression for R(X) derived by Raupach et al. (1993) , based on a theory for drag partition by Raupach (1992) :
Here p, = CR/CS, with CR being the drag coefficient for isolated roughness elements and Cs being that for the surface; a, is the basal-to-frontal area ratio and m, is a parameter <1 accounting for nonuniformity in the surface stress. Raupach et al. (1993) suggested that P, x 90, m, x 0.5, and a FZ 1 are typical values. This prediction represents well the observations of R(X) by Gillette and Stockton (1989) and Musick and Gillette (1990) . Fig. 8 shows the prediction of equation 20 for the effect of surface roughness on the streamwise sand flux and dust entrainment rate of the aeolian red soil (Fig. 3) , for u, = 0.43 m/s. For this wind condition, no erosion is possible when X > 0.15.
Model structure and data requirements
As described so far, the model predicts the streamwise sand flux Q and the dust entrainment flux F from the 4 parameters u,, p ( d ) , w, and A. In practice, these can be obtained as follows.
(i) The friction velocity u, can be calculated to sufficient accuracy from the wind speed U measured at a specified wind reference height zu, using the logarithmic wind profile law where rc. = 0.4 is the von Karman constant, D is the zero-displacement height, zo is the aerodynamic roughness length of the surface, and is a function which takes into account the thermal stability on the wind profile (Businger 1973) . A method for estimating zo from the geometric properties h and X of the roughness is given by Raupach (1994) . The wind speed U can be measured directly or simulated stochastically (see below).
(ii) The soil particle size distribution p(d) can be coarsely specified as in equation 9. (iii) The surface soil moisture content w can be measured directly, or simulated(see below). (iv) The frontal area index X can be estimated using equation 19, but the more usually available measure of cover is the cover fraction f,. The relationship between f , and X can be taken as where the coefficient cx is 1 if the roughness elements are uniformly distributed and isotropically oriented. However, these requirements are not usually met in practice, so cx must be treated as an empirical parameter. The value cx = 0.35 is appropriate for stubble roughness. This was determined by plotting existing observations of ~,~(covered)/u,~(bare) against f , (Fig. 9) , and then superimposing the prediction from equation 20, with f , being converted to X by using a range of choices for cx. The observations come from field wind tunnel experiments, using the CaLM tunnel, in which the threshold friction velocity was measured both with and without stubble roughness present. With some scatter, cx = 0.35 gives a reasonable agreement between the predictions and the measurements. The model can be used in 2 modes, 'local' and 'climate'. Local mode predicts wind erosion at small (plot or paddock) scales, typically for short periods, using direct measurements of all the above parameters. Climate mode assesses the statistical properties of wind erosion over large spatial and long time scales, using soil and vegetation maps to infer 20, p(d), and X (or f,), and climate data to specify the weather-related parameters U and w. At the fine temporal resolution required by the model (that of a typical wind erosion event, 1 h or less), long time series of U and w are not generally available from direct measurements. Therefore, it is necessary to replace measured time series of U and w with stochastically simulated time series which have the correct statistical properties relevant for a statistical prediction of wind erosion: probability distributions and autocorrelation time scales. Appendix B describes the simple 'weather simulator' model used in this work to obtain climatically realistic, simulated time series of U and w. The required climate parameters are the probability density function p u ( U ) for wind speed (averaged over an appropriate time step, typically 1 h); the autocorrelation time scale T u for wind speed (at the same temporal resolution); the probability density function p p ( P ) for precipitation; the transition probabilities plo from a wet to a dry day and pol from a dry to a wet day; and the daily potential evaporation EPot. The overall model structure in 'climate' mode is illustrated in Fig. 10 . 
Model verification and application

Comparisons with wind tunnel measurements
We first compare the model (in local mode) with 2 separate wind erosion data sets, -Loxton' and 'Borrika', obtained in the controlled environment of the CaLM wind erosion tunnel. The Loxton data, reported by Leys and Heinjus (1991) ' were gathered on 5 farms near Loxton, South Australia, in February 1990. Measurements of Q were made with an active, vertically integrating, modified Bagnold soil trap calibrated by Shao et al. (1993b) , while u , was measured with a rake of Pitot tubes. Soil properties and surface cover (as f,) were also recorded. The 5 sites, labelled A, B, C1, C2, and C3, represent 2 different soil types (loamy sand and sand) and 3 tillage systems. Site A was a grazed annual pasture; site B was a cultivated, stubble-retained long fallow; and sites C1-C3 were cultivated annual pasture. In the areas of the experiments, February is a high risk season for wind erosion because there has been 6 months of cultivation of the long fallow, and a period of grazing prior to sowing the crop. Fig. 11 shows the soil particle size distributions, and Table 2 gives the main site characteristics. From the wind erosion viewpoint, the major difference between the sites lies in the amount of surface cover and to some extent in the surface roughness. The data from Borrila, described by Leys et al. (1993) , were gathered in a similar way to the Loxton data. In this case data are available from 5 sites labelled 'oat', 'spray', 'disc3', 'disc4', and 'blade' (see Table 2 ).
It is necessary to correct the wind tunnel measurements of streamwise sand fluxes for 'saltation overshoot'. This is the observed tendency for the sand flux Q(x) (where x is distance downwind from the upwind edge of an erodible surface) to rise rapidly to a maximum value before falling to its eventual equilibrium value at large x. The basic mechanism is the reduction in wind speed associated with the developing saltation layer (Anderson and Haff 1991) . Shao and Raupach (1992) measured saltation overshoot in a specially extended version of the CaLM tunnel, finding that the peak overshoot occurs at x % 4-6 m, with equilibrium attained at x c 15 m. Since the tunnel length in the Loxton and Borrika experiments coincided approximately with the point of peak overshoot, we must correct the measured Q values to obtain fluxes which would have been observed in a large, open paddock. The data of Shao and Raupach (1992) imply that the correction factor Q/Qma, (where Q is the equilibrium sand flux and Q,,,, is the maximum flux at peak overshoot) depends on Q, such that Q/Q,,,, -+ 0.55 at large Q ( 2 30 g/m.s), and +1 as Q --+ 0. A reasonable fit to the data is with Q, = 10 g/m.s. This correction has been applied to the 'observed Q' data in Table 2 , by taking the reported sand fluxes from Loxton and Borrika to be values of Qmax.
The model was run with values of the roughness frontal area index X estimated from measured values of f,, using equation 22 with cx = 0.35. Since the soil moisture content was not measured in the experiment, w was assumed t o be 0.015 m"m3 at the Loxton sites and 0.02 m3/m3 at the Borrika sites. These are the approximate average surface soil moisture contents predicted by the soil moisture simulator described in Appendix B, with climate forcing for February.
To assess the effect of this assumption about soil moisture, additional model runs were carried out by assuming a completely dry soil ( w = 0) at all sites. Overall, better agreement is obtained with non-zero w than with w = 0. This apparently small change in soil moisture can produce large changes in the predicted fluxes, because it influences the threshold friction velocity and therefore has a large effect on the predicted soil flux close to threshold. Overall, given the uncertainties involved in both the measurements and the modelling, the agreement in Fig. 12 provides encouragement that the model is producing satisfactory estimates of streamwise sand fluxes. 
Week
Comparisons with paddock-scale field measurements
We next describe tests of the model (still in local mode) at paddock scale over a period of many weeks. The comparison data are a subset of the extensive field measurements of wind erosion made by the third author of this paper, between 1990 and 1992 a t 'Mendook', near Balranald, NSW. A full account will be published elsewhere. In this experiment, 5 masts were set up around a paddock, each equipped with 6 (sometimes 7 ) Fryrear traps (Fryrear 1986; Shao e f al. 1993b ), mounted at heights 0.02, 0.25, 0.5, 1, 1 . 5 , and 2 m. The aeolian particles accumulating in the samplers were collected at weekly intervals (sometimes more frequently) for weighing and analysis. Averaged streamwise sand fluxes were derived from the total mass of the sediments collected by each mast. Meteorological data were gathered by a weather station near one of the masts, which continuously recorded 12-min averages of wind speed (at heights 0 . 5 , 1, 2, and 4 m). wind direction, temperature, relative humidity, atmospheric pressure, solar radiation, and soil moisture content. For some periods, f, was estimated by digitisation of photographic images. In this paper, we use the 20 weeks of data obtained between 22 October 1990 and 8 April 1991 (weeks 1-20 of the 1990-91 summer season of measurements). For weeks 10, 14, 17, and 20, X was estimated from direct measurements of f , , but was estimated by linear interpolation for the intervening weeks and extrapolation for the period between weeks 1 and 10 (Fig. 13) . Fig. 14 shows the predicted and observed streamwise sand fluxes. In assessing this comparison, it is necessary to recognise that the erosion pattern at the Mendook site is complicated by several factors. First, there are several soil types on the site. consistent with the local geomorphological pattern of sandy aeolian dunes interspersed by swales with heavier textured soils. This implies that wind erosion is different at different masts, even under uniform meteorological conditions across the paddock. Second, the masts with Fryrear traps and the weather stations were distributed on a low hill (a typical relic dune in the area), so topographic effects may cause spatial variations of wind speed, surface friction velocity, and other micrometeorological parameters. Third, there was a spatial variation in the surface cover, an important variable in determining the saltation 
Among the 20 weeks, a reasonable agreement was found between the model and the observations for the first 6 weeks and the last 8 weeks. Since the soil moisture measurements were not available for weeks 2-4, the soil moisture, w, was assumed to be 0.01, 0.015, 0.02, and 0.03 m3/m3. The predictions obtained with w = 0.02 m3/m3 are shown as full circles in Fig. 14 , while those obtained with other w values are shown as open circles. It is important to point out that the observation period is shortly after cultivation. The large erosion rate for the first 4 weeks can be attributed to several strong wind events and the relatively loose surface after cultivation. For the last 8 weeks, both observations and measurements showed weak erosion activity, consistent with the observed relatively frequent rainfall and low wind speeds. For the other 6 weeks (weeks 7-12), however, the predicted wind erosion is much higher than the observations, particularly for week 11. Figure 15 shows the measured time series of the weather parameters and the corresponding predictions of the streamwise sand flux and vertical dust entrainment rate for this week. On 27 December 1990 (day 4 in Fig. 15 ), the weather conditions were ideal for wind erosion, with a strong prefrontal northerly wind (exceeding 12 m/s at height 4 m) accompanied by high air temperatures, low relative humidity, and low soil moisture content. Accordingly, the model predicts a strong erosion event on that day. However, the observations showed little sign of strong erosion events.
This disagreement indicates the role of factors other than those already considered in the model. We discuss these in detail in the final section of this paper, only pointing out here that the principal omission from the model in this context is the evolution of the surface properties, particularly the response of the particle size distribution to the erosion process itself. In the present case, the paddock was cultivated before the start of the experiment at week 1, but remained uncultivated during the experimental period. The observations show that in the early weeks (shortly after cultivation), strong erosion events did occur. This erosion probably stabilised the soil surface by exposing the large soil aggregates and leaving a population of coarser particles at the surface, through selective removal of the fine particles; observations of soil particle size distribution at the Mendook site confirm that such a process was operating (Leys and McTainsh 
Long-term erosion potential
We now illustrate the application of the model in climate mode, by attempting to assess the average wind erosion in February from the 5 Loxton farm sites described above (Table 2) . Further applications are given in Shao et al. (1994) , where the model is used to assess long-term wind erosion characteristics across the Murray-Darling basin.
Climatological background
For the areas around Loxton, the most reliable long-term climate records are those from the Mildura weather station. Although the distance between Mildura and Loxton is about 165 km, it is possible to take the Mildura climate record as representative for areas around Loxton because the region is flat and both towns are about the same distance from the coast (several hundred km). The data used here are the 3-hourly observations available from the Australian National Climate Centre. The statistical parameters describing the 46-year wind and precipitation record from Mildura are summarised in Table 3 ; details of the parameterisations and fitting procedures appear in Appendix B. The records show that the wind speed in February is close to the yearly average, and that February is the driest month in the year, with a total precipitation of about 15 mm (out of an annual average of 250 mm) and less than 2 rain days. Therefore, February is a month of high erosion risk, because the land surface at this time of the year is relatively bare, and because of the low soil moisture content induced by small precipitation and high potential evaporation. Table 3 . Wind and precipitation statistics based on the three-hourly surface observations in Mildura 1946-92 cw (m/s) is the scaling parameter and k the shape parameter of the Weibull distribution for wind speed; U,,, (m/s) is the maximum wind speed; Pm (mm) the average monthly rainfall; N r the number of days with precipitation > O . O l mm; cur and Pr are the shape and scaling parameters of the Gamma distribution for rainfall intensity; A, is the probability that the first day of the month is wet; pol is the transition probability from a dry to a wet day and p l l that from a wet to a wet day 
Time series and statistics of wind erosion
For the Loxton sites A, B, C1, C2, and C3, the surface cover fraction f , was assumed to be constant throughout February, at the values given in Table 2 . For these 5 sites, Fig. 16 shows a section of the predicted time series of sand drift and dust entrainment in February, and Table 4 summarises the February erosion statistics. The two strongest erosion sites are C2 and C3, which (according to the model) can both suffer from extensive wind erosion in February, while erosion is weak on sites B and C1 and negligible on site A. For sites C2 and C3, the sand drift across a 100-m cross-wind distance may reach 8 and 5 t/month, respectively. Dust entrainment fluxes for sites C2 and C3 are 9 . 3 and 4 . 7 t/ha.month, respectively; these correspond to a lowering of surface by 0.35 and 0-17 mm in the month. The other 3 sites have much lower dust entrainment rates. When interpreting these results, it is important to bear in mind the factors not yet considered in this model. These are expanded in the final section, but 2 :. ., ,.
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points be emphasised: first, the results in Table 4 assume a constant surface cover during the whole period, whereas in reality the surface cover may vary significantly within a month; second, the highest predicted erosion levels (for instance at site C2) may not be sustainable over long periods because of source limitation, or limits on the availability of particles for transport. 
Conclusions
We have described a Wind Erosion Assessment Model (WEAM), developed for 3 purposes: (i) to synthesise current descriptions of the physics of wind erosion, including sand transport, dust entrainment, and the attenuation of erosion by soil surface moisture and nonerodible roughness; (ii) to test the utility of this synthesis for the assessment of wind erosion, both for local individual events and on larger time and space scales; and (iii) to evaluate realistically the successes and weaknesses of such a synthesis, as a guide to the current limits to physical knowledge of wind erosion processes. The model has been compared with both wind tunnel measurements and direct field observations of wind erosion. The agreement with wind tunnel observations from 10 sites in the Loxton and Borrika areas is reasonable. In comparison with direct field observations, the model showed a reasonable agreement for a part, but not all, of the observations.
We conclude with a list of areas of uncertainty which have been highlighted by the effort to construct the model. Because this kind of modelling is rather new, the list is long. The uncertainties fall into 2 main groups: first, the prediction of sand drift and dust entrainment under given surface properties (as attempted by this model), and second, the evolution of the surface properties in time (which the model has not attempted to describe). Several uncertainties may be identified in the first group: (i) There is some uncertainty in the saltation coefficient c,, specified in this model by equation 5 . Observed values of c, on sandy soils vary from 0 . 2 to 2 and the uncertainty is associated with the errors in measuring u, within the saltation layer. (ii) There are possible weaknesses in the assumption that size modes act independently, made in equations 8 and 10. Reduction of both of uncertainties 1 and 2 requires wind tunnel and field data on saltation and dust entrainment from loose, unprotected soils, particularly for soils with multiple particle size distributions. (iii) Our description of the effects of surface roughness and vegetative cover, equation 20, does not distinguish between prostrate and upstanding cover. It is possible that these 2 kinds of cover may act in different ways, and that these differences should be recognised in a modified form of equation 20. Findlater et al. (1990) have had some success with their empirical model of pastorate stubble. However, resolution of this issue requires data on the effects of prostrate and upstanding cover (both separately and together) on saltation. (iv) There are some problems with the measurement of the particle size distribution p(d), which is a 'minimally dispersed' distribution applying to particles on the soil surface at any given time. Either sieving or air elutriation (Malcolm and Raupach 1991) can be used for the saltation fraction, but present methods for the dust fraction (Shao et al. 1993a) still involve wetting of a soil sample and may not be sufficiently 'minimally dispersed' for application in this model. In reality, the surface of a farming land is often composed of standing roughness elements, flat surface covers, tillage ridges, and various levels of random roughness elements. For such complex surfaces, the concept of frontal area index may be too simplistic and additional parameters may be necessary to characterise fully the effect of surface roughness elements. We now turn to the second group of uncertainties, those concerned with the evolution of the surface in time under the influence of the wind erosion process itself, weathering, or management intervention. Though we have not attempted to incorporate these processes in the current model, they are of central importance. The extension of a wind erosion model to describe surface evolution is therefore a necessary future step, but one which can only be taken after the development of a satisfactory description of erosion for a given surface state. Issues involved in surface evolution include the following.
The state of aggregation at the soil surface has a strong, inverse empirical correlation with wind erosion (Leys 1991a ) because of the role of surface aggregates as nonerodible roughness [this is described in the present model through the control function R(X)]. Therefore, an important component of surface evolution is the time dependence of surface aggregation, measured for example as the fraction of dry aggregates >0.85 mm in diameter.
The formation and breakdown of surface crusts is of undoubted importance. Crusts play a protective role, essentially by restricting the supply of saltation particles available at the surface and thus shifting the erosion process from transport limitation to supply limitation. Crusts can be broken down by each of the 3 kinds of evolutionary influence we have identified (wind erosion itself, other natural weathering, and management intervention).
To describe fully the transitions between transport and source-limited situations, it is necessary to consider the evolution of the size distribution p ( d ) at the soil surface. This can potentially account not only for source limitation (the depletion of the supply of particles available for erosion), but also for armouring (the protection of the surface by nonerodible particles exposed through erosion, which can be quantified by a nonerodible dry aggregate fraction). Finally, all of these surface properties are affected by management intervention in the form of cultivation and grazing. Incorporation of these influences is also essential.
Second, we arrange for the simulated time series to have a suitable prescribed autocorrelation function, r (~) .
For wind speed we assume that r (~) = exp(-T/Tu), where TIJ is the correlation time scale of wind. The stochastic simulation of a time series with both prescribed PDF and autocorrelation function can be achieved by using the correlation transfer technique described by Polge et al. (1973) . We generate first a random series with prescribed PDF, and a second random series with the desired autocorrelation function but arbitrary PDF, say Gaussian. Then the correlation properties of the second series are transferred to the first by reordering. (ii) Stochastic simulation of precipitation Precipitation is required in the present model in order to simulate the surface soil moisture content (as described below). To simulate a precipitation time series with prescribed statistical properties, we use a Markov chain approach. Following Katz (1977) , precipitation is modelled as a bivariate stochastic process {(JnWl, X,), n = 1,2, . . . ) , where X, is the amount of precipitation and J , is a first-order, 2-state Markov process taking the value 1 if there is precipitation, and the value 0 if there is no precipitation, on day n. The Markov chain assumption implies that for i, j = 0,1, and n = 1,2, .. The Markov process J, is completely characterised by (XI, pol, plo). The distribution of the amount of precipitation on day n, {X,, : n = 1, 2, . . .), can be well approximated by a 2-parameter Gamma distribution where x > 0, (a,, p,) > 0, and r is the Gamma function. The scaling and shape parameters a, and p, are determined from observations, using the technique of Maximum Likelihood Estimation (Bowman and Shenton 1988 ). An example of the Markov chain simulation of precipitation is given in Fig. B2. (iii) Surface soil moisture content Soil moisture content is important for wind erosion, so a description of the soil moisture content is necessary. A wide variety of soil moisture models is available, at many levels of complexity. In this work. we used the simple force-restore model of Deardorff (1977) . This is a typical 2-layer model of the type now widely Daily rainfall (mm) Fig. B2 . PDF for daily rainfall amount (dashed curve) and fitted Gamma distribution.
The parameters for the fitted Ganima distribution are cu = 1 . 2 and P = 3 . 5 , and the transition probabilities are pol = 0.139 and p l l = 0.278.
used in global climate models. The time-dependent variables are the soil moisture content of a thin upper soil layer (typically a few centimetres deep) and the bulk soil moisture content in a deep layer. The depths of these layers are, respectively, the characteristic depths t o which the soil moisture undergoes significant diurnal and annual fluctuations. The equations governing the volumetric soil moisture of the 2 layers, wg and wb, are:
where Eg is soil evaporation, P and d; are the upper and bulk is precipitation, p, is the density of water, d; layer depths, w, is the saturated soil moisture content, r is the force-restore time scale (typically 1 day), and C1 and C2 are coefficients. The first term in the wg equation describes the drying and wetting of the soil surface by evaporation and precipitation; the second term restores w, exponentially toward the bulk value in the absence of evaporation or
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precipitation. The coefficients C1 and C2, and parameters dl, d2 and w,, are determined empirically, depending on soil properties. Further details are given in Deardorff (1977) .
